metrology [22] [23] [24] , quantum simulation [25] and boson sampling [26] [27] [28] [29] [30] .
In the past two decades, the number of genuinely multi-particle entangled photons from SPDC has been increased up to ten [15, 16] . Yet, a more scalable implementation remained challenging, largely to the lack of a perfect entangled-photon source produced by ultrafast laser pumped SPDC where the photonic entanglement fidelity, the collection efficiency, and the indistinguishability between independent photons are simultaneously engineered to close to unity. Such a perfect source can immediately enable previously formidable tasks, for example, scalable scattershot boson sampling [31] , heralded twophoton entanglement at distant locations for Bell test and device-independent quantum key distribution [32] [33] [34] , and serve as a scalable building block for multiplexing [35] [36] [37] that can overcome the probabilistic nature of SPDC.
In the SPDC [38] , the conservation of energy and momentum can naturally induce strong correlations in multiple degrees of freedom between the two converted photons including their polarization, frequency and time. In the view of quantum engineering, the single photons should be efficiently prepared in a pure state with a single degree of freedom. However, usually the uncontrolled entanglement in the frequency and/or time can significantly degrade the entanglement in the polarization. In the early experiments, to eliminate the spectral correlation of the photon pairs, the most straightforward way was passive narrowband (typical linewidth ~3 nm) spectral filtering, which significantly sacrificed the brightness and collection efficiency of the entangled photons [10] [11] [12] [13] . A more efficient method was to employ the interferometric Bell-state synthesizer [39] to separate the correlation between the polarization and the spectral bandwidth, allowing for a more selective (3-nm linewidth for e-polarized and 8-nm for o-polarized photons) and thus more economical narrowband filtering [14] . Further, beam-like SPDC [40] was developed with the photon pairs in the form of two separate Gaussian-like beams, which had higher brightness and efficiency coupling into a single spatial mode [15, 41] than those from the non-collinear SPDC where the collection was at intersections of the two down-converted photon rings. We note that, however, in these previous multi-photon entanglement experiments [10] [11] [12] [13] [14] [15] [16] , the e-and o-polarized photons were frequencycorrelated, as evident from the observed tilted two-photon joint spectral intensity distribution, which caused a trade-off between the efficiency and the indistinguishability.
There has been important progress in preparing heralded single photons in frequencyuncorrelated pure quantum state [42] [43] [44] , yet the simultaneous combination of nearunity entanglement fidelity, indistinguishability, and collection efficiency remained an outstanding goal.
Here, we design and experimentally realize an optimal SPDC source of entangled photons at telecommunication wavelength by combining the techniques of frequencyuncorrelated and beam-like SPDC. For the photon pair free from any correlation in their spatiotemporal degrees of freedom, it is necessary that the two-photon joint amplitude function is factorable [45] . We find a suitable parameter regime that fulfills the condition using a BBO crystal with a thickness of 6.3 mm, pump laser wavelength of 775 nm (generating photon pairs centered around 1550 nm), and pulsed laser bandwidth of 5.5 nm [46] . Our design of entangled photon source in beam-like SPDC configuration is illustrated in Fig. 1a . The pulsed laser passes through an arrangement of two YVO4 beam displacers (BDs) and half-wave plates (HWP) to separate the laser beam into two paths by 2.6 mm apart. The two beams focus on one β-barium-borate (BBO) crystal to generate two identical photon pairs in the states 12 VH and 1' VH pair is then rotated using a HWP to its orthogonal state 1' 2' HV , and recombined with 12 VHinto a single spatial mode using two BDs. Tilting the two BDs allows for precise temporal tuning and fine spatial compensation of the photon pairs that prepares them into an entangled Bell state:
, with a measured visibility above 0.997 in the basis of ( ) / 2 HV    .
We use 30-nm bandpass filters to remove the small sidebands and measure the joint spectral intensity distribution shown in Fig. 1b , from which we extract a spectral purity of 0.99. Further, due to the group delay dispersion of the YVO4 crystals (310 fs 2 /mm) and the BBO crystals (79 fs 2 /mm), we employ four pairs of dispersion-compensating prisms to eliminate the dispersion. To test the photon indistinguishability, we perform a
Hong-Ou-Mandel quantum interference [47] between two independent SPDC photons.
As shown in Another important requirement is the simultaneously high heralding efficiency and brightness. Generally, due to conservation of momentum in SPDC, a lower momentum uncertainty of pump beam can lead to a higher collection efficiency. However, a larger pump beam waist could result in a lower pump energy density. Thus, there is a trade-off between the collection efficiency and brightness. We measure the heralding efficiency and brightness of the new SPDC source as a function of pump beam waist. As shown in Fig. 1d , at a pump beam waist of 260 μm, we obtain a two-photon count rate of 7100
Hz/mW and a heralding efficiency of 85%. At a pump beam waist of 1.9 mm, the brightness decreases to 170 Hz/mW whereas the heralding efficiency increases to 94%.
Subtracting the channel loss in the optical path from the BBO to the single-mode fiber, we estimate a corrected heralding efficiency of 97% at 1.9-mm waist.
This high-performance entangled photon source immediately makes it possible to perform the first 12-photon entanglement experiment. By successively passing the laser through six BBO crystals (see Fig. 2 ), we first prepare six pairs of entangled photons.
One photon from each pair is combined with the other five photons on a linear optical array of five polarization beam splitters (PBSs) that transmit H and reflect V polarization. We further measure all the photon in the basis of ( , which exceeds the threshold 0.5 more than 3 standard deviations and is sufficient to prove the presence of a genuine 12-qubit entanglement [48] .
Scaling up to a larger number of photons would be prohibited by the intrinsically probabilistic generation of entangled photon pairs in the SPDC, which can be overcome using multiplexing. For a scalable multiplexing with practical advantage over a single SPDC pair, it is crucial that the SPDC pair, which serves as the fundamental building block for multiplexing, should possess simultaneously near-unity heralding efficiency and photon indistinguishability as we have demonstrated here. Thus, by combining our SPDC sources with multiplexing with fast and low-loss switches and suitable optical memories [35] [36] [37] , it is possible to significantly enhance the overall efficiency, opening a new path to large-scale linear optical quantum computing. sampling has been reported previously [50] , however, using inefficient SPDC sources with low  , which limited the scalability to larger number of photons.
We exploit the SPDC source with simultaneously near-unity indistinguishability and heralding efficiency to demonstrate a blueprint of scalable scattershot boson sampling.
As shown in Fig. 4a , we use 12 SPDC sources to feed into a 12 12  mode interferometer encoded by both spatial and polarization degrees of freedom [46] . For each SPDC source, the idler photons are detected to herald the presence of the signal photons, which are combined into one path by two BDs and fed into the interferometer. There are 220, 495 and 792 different no-collision input combinations for the three-, four-and fivephoton boson sampling, which implies that our scattershot boson sampling is expected to yield 220, 495 and 792 times enhancement of the efficiency over standard boson sampling, respectively.
We measure the three-, four-and five-photon sampling rate of 3.9 kHz, 44 Hz and 0.3 Hz, respectively. To qualify the sampling performance, we calculate the similarity, Therefore, a more efficient method is adopted to validate the boson sampling data. We apply likelihood ratio test to rule out the distinguishable photon hypothesis [46] . The results are shown in Fig. 5b , with significant deviations between the experimental data (requiring only a few hundreds of samples) and the simulated distinguishable sampling.
The combination of our optimal SPDC source and the scattershot boson sampling yields a significantly enhanced multi-photon count rate. For example, the measured 3.9
kHz three-photon count rate is more than 4 orders of magnitudes higher than the best previous boson sampling experiments based on SPDC [26] [27] [28] [29] 50 ] and comparable to the work using state-of-the-art quantum-dot single photons (see Fig. 5c for a summary of the count rate of the 3-boson sampling experiments). We expect to further increase the efficiency by using more SPDC crystals, higher-efficiency detectors, and combining the protocol of photon-loss-tolerant boson sampling [51] .
In summary, we have developed an optimal SPDC entangled-photon source with simultaneously near-unity indistinguishability and heralding efficiency, which allowed us to demonstrate the first 12-photon genuine entanglement and perform high-efficiency scattershot boson sampling. Our work has established an optimal multi-photon platform and will enable previously challenging experiments such as generations of high-NOON states and spatially separated two-and multi-photon entangled states with near-unity heralding efficiency, which will be useful for Bell tests with human's free will [33] , long-distance device-independent quantum key distribution [32] , quantum teleportation with remotely prior distributed entanglement [19] [20] [21] , and demonstrations of quantum communication complexity [52] . Our SPDC source is also readily to be combined with multiplexing to overcome its probabilistic scaling, opening up a new pathway towards scalable photonic quantum technologies. 
